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Lactosylceramide α2,3-Sialyltransferase Is Induced Via a
PKC/ERK/CREB-dependent Pathway in K562 Human Leukemia
Cells
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Previously we showed that the human GM3 synthase
gene was expressed during the induction of megakaryocytic differentiation in human leukemia K562 cells
by phorbol 12-myristate 13-acetate (PMA). In this study
we found that treatment of PMA-induced K562 cells
with Gö6976, a specific inhibitor of PKC, and U0126, an
inhibitor of the extracellular signal-regulated kinase
(ERK) reduced expression of GM3 synthase, whereas
wortmannin, an inhibitor of phosphoinositide 3-kinase
(PI3K) did not. Moreover, activation of ERK and cAMP
response element binding protein (CREB) was prevented by pretreatment with Gö6976 and U0126. PMA
stimulated the promoter activity of the 5′-flanking region from –177 to –83 region of the GM3 synthase gene,
and mutation or deletion of a CREB site located around
–143 of the promoter reduced PMA-stimulated promoter activity, as did the inhibitors Gö6976 and U0126.
Our results demonstrate that induction of GM3 synthase during megakaryocytic differentiation in PMAstimulated human leukemia K562 cells depends upon
the PKC/ERK/CREB pathway.
Keywords: CMP-NeuAc:Lactosylceramide α2,3-Sialyltransferase (GM3 Synthase); Human Leukemia K562
Cells; PKC/ERK/CREB Pathway.

Introduction
Gangliosides, sialic acid-containing glycosphingolipids,
are a structurally varied class of complexes (Gong et al.,
2005; they are ubiquitous membrane components in vertebrates, located almost exclusively in the outer leaflet of
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the plasma membrane (Kwak et al., 2005; Kim et al.,
2006; Moon et al., 2006; Svennerholm et al., 1980; Varki,
1993). The ganglioside GM3 is synthesized by CMPNeuAc:lactosylceramide α2,3-sialyltransferase (GM3 synthase, EC 2.4.99.9), which catalyzes the transfer of NeuAc
from CMP-NeuAc to the nonreducing terminal galactose
of lactosylceramide (Fishman and Brady, 1976) (Fig. 1).
It is the simplest ganglioside and is known to play a critical role in cell growth by modifying signal transduction
and cell differentiation (Chung et al., 2005; 2006; Hakomori, 1990; Moon et al., 2004). Exogenous GM3 induces
the differentiation of cells of the human myeloid and
monocytic leukemic cell lines HL-60 and U937 into
monocytes/macrophages (Choi et al., 2003; Nakamura et
al., 1991; Nojiri et al., 1986). It also induces megakaryocyte differentiation in human leukemia cell line K562
cells (Nojiri et al., 1988). These findings indicate that
GM3 plays an important role in triggering the differentiation of leukemic cells.
K562 human myelogenous leukemia cells differentiate
into erythrocytes after hemin treatment (Gambari et al.,
1984; Honma et al., 1991), whereas phobol 12-myristate
13-acetate (PMA) causes them to form megakaryocytes
(Alitalo, 1990; Hass et al., 1997; Tetteroo et al., 1984).
The effects of PMA are due to activation of protein kinase
C (PKC)-b (Macfarlane and Manzel, 1994; Tonetti et al.,
1994) and rapid and sustained activation of extracellular
regulated kinase (ERK) (Racke et al., 1997; Whalen et al.,
1997). The regulation of ERKs by serine/threonine phosphorylation is thought to be mediated by two closely related MEKs, MEK1 and MEK2 (MAP kinase/ERK-acAbbreviations: CREB, cAMP response element binding protein;
ERK, extracellular signal-regulated kinase; FBS, fetal bovine
serum; GM3 synthase, CMP-NeuAc:lactosylceramide α2,3sialyltransferase; PI3K, phosphoinositide 3-kinase; PKC, protein kinase C; PMA, phorbol 12-myristate 13-acetate.
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Fig. 1. Scheme of GM3 biosynthesis.

tivating enzyme) (Cobb and Goldsmith, 1995), which are in
turn regulated by kinases such as Raf-1, c-mos, and
MEKK1 (Blenis, 1993; Crews et al., 1993; Faure et al.,
1994; Okazaki and Sagata, 1995). However, the molecular
mechanisms involved in transcriptional activation of the
GM3 synthase gene during the differentiation of PMAinduced K562 cells are not well understood. Recently, we
isolated the GM3 synthase gene promoter and characterized it in human hepatoma HepG2 and neuroblastoma SKN-MC cells (Kim et al., 2002). We also showed using
luciferase reporter assays and EMSAs that the expression
of the GM3 synthase gene during K562 cells differentiation
requires a CREB motif in its promoter (Choi et al., 2004).
In the present work we investigated the role of the
MAPK family and of CREB protein in the expression of
GM3 synthase gene during the differentiation of PMAinduced K562 cells. We found that the PKC/ERK/CREB
cascade has a critical role in transcriptional regulation of
GM3 synthase during K562 cell differentiation.

Materials and Methods
Materials and cell culture and reagents PMA was purchased
from Sigma Chemical Co. (USA). K562 cells were maintained
in RPMI 1640 medium (Gibco BRL, Life Technologies) supplemented with 10% heat-inactivated fetal bovine serum (FBS),
100 unit/ml penicillin, and 100 μg/ml streptomycin under 5%
CO2 at 37°C. To induce differentiation, they were cultured in the
presence of 10 nM PMA. Cell differentiation was monitored by
adhesion to culture plates and cell morphology. Monoclonal
antibodies to phospho-ERK and ERK were obtained from Cell
Signal (USA). Monoclonal antibodies to phospho-CREB and
CREB were obtained from Upstate (USA). Horseradish peroxidase-conjugated anti-rabbit and anti-mouse IgG antibodies were
from Amersham (UK). Gö6976 and wortmannin were obtained
from Calbiochem (USA) and U0126 from Promega (USA).
Reverse transcription-polymerase chain reaction (RT-PCR)
and Northern blot analysis K562 cells were incubated with or
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without PMA in the presence of various chemical inhibitors.
Total RNA was isolated with Trizol reagent (Invitrogen, Life
Technologies), and two microgram samples of RNA were subjected to reverse transcription with random nonamers and a Takara RNA PCR kit (Takara Shuzo, Japan). The cDNA was amplified by PCR with the following primers: GM3 synthase (413
bp), 5′-CCCTGCCATTCTGGGTACGAC-3′ (sense) and 5′CACGATCAATGCCTCCACTGAGATC-3′ (antisense); β-actin
(247 bp), 5′-CAAGAGATGGCCACGGCTGCT-3′ (sense) and 5′TCCTTCTGCATCCTGTCGGCA-3′ (antisense). The pro-ducts
were separated by gel electrophoresis on 3% agarose containing
ethidium bromide with 1× TAE buffer. After electrophoresis, the
intensities of the bands were estimated using the TotalLab software of the Frog Gel Image Analysis System (CorebioSystem
Co., Korea). To assess the specificity of amplification, the GM3
synthase PCR product (413 bp) was subcloned into pGEM-T
vector (Promega, USA) and sequenced. Northern blot analysis
was performed as described previously (Chung et al., 2003),
using the [α-32P]dCTP-labeled GM3 synthase fragment (672 bp)
obtained with BamHI/PstI) as probe.
Western blot analysis K562 cells were incubated with or without PMA in the presence of chemical inhibitors, and homogenized in sample buffer containing 50 mM Tris-HCl (pH 8.0),
150 mM NaCl, 0.02% NaN3, 100 μg/ml PMSF, 1 μg/ml
aprotinin, and 1% Triton X-100. Protein concentrations were
measured using the Bio-Rad protein assay (Bio-Rad). Twentymicrogram samples of total cell lysate were size-fractionated by
SDS-PAGE and electrophoretically transferred to nitrocellulose
membranes using the Hoefer electrotransfer system (Amersham
Biosciences, UK). The membranes were incubated with primary
antibodies, followed by secondary horseradish peroxidaselinked anti-mouse antibody and anti-rabbit antibody and detected
with an ECL chemiluminescence system (Amersham, UK).
Preparation of reporter plasmids and mutagenesis Reporter
plasmids, pGL3-1600 and its derivatives (pGL3-83 to pGL31210) were prepared by insertion of the SacI/BglII fragments of
the each plasmid constructed previously (Kim et al., 2002) into
the corresponding sites of the promoterless and enhancerless
luciferase vector pGL3-Basic (Promega, USA). Plasmid pGL3Δ177, which has a deletion from nucleotides +1 to −177, was
constructed by LA-PCR using pThGM3 as template, as described in the previous paper (Kim et al., 2002). Sense primer
FP1210 (Kim et al., 2002) containing SacI sites, and antisense
primer AP1 containing a BglII site, 5′-AAGAGATCTCCTCCGCGGCGGCCCCCGCCC-3′, were used. The resulting PCR
fragment (1483 bp) was subcloned into pT7Blue(R) T-vector
(Novagen, Inc., USA) and sequenced; it was then digested with
SacI and BglII and inserted into pGL3-Basic. pGL3-177 mutCREB with a base substitution of the CREB binding site at position −143 to −136 was constructed using a QuikChange® II XL
site-directed mutagenesis kit (Stratagene, USA). The following
oligonucleotide primers: CREB-L, 5′-GTCCTCGTGTTGTCAGACCCCGCCCACGCGCCCCT-3′ and CREB-R, 5′-CG-
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Fig. 2. Induction of the expression of GM3 synthase in K562
cells by PMA. K562 cells (1 × 107) were incubated with various
PMA concentrations for 24 h (A) or with PMA (10 nM) for 0, 6,
12, 24, 48 h (B). Total RNA was isolated and GM3 synthase
mRNA was detected by RT-PCR (A and B) and Northern blotting (C). Beta-actin, 28 s and 18 s rRNAs were used as a loading
control. Results are representative of three separate experiments.

GGGTCTGACAACACGAGGACGCGGACGGCCAAT-3′ (mutated nucleotides underlined) were used, and the presence of the
mutation was verified by sequencing. pGL3-1600 mutCREB
was constructed by the same method using pGL3-432. After
sequencing, the DNA fragment with the mutation was digested
with Hind III and used to replace the corresponding fragment of
pGL3-1600.
Transfection and luciferase assay For the reporter analysis of
the GM3 synthase promoter, transient transfection of K562 cells
was carried out by electroporation. Briefly, the cultured cells
were washed with PBS buffer (136 mM NaCl, 2 mM KCl, 0.9
mM Na2HPO4, 1.7 mM KH2PO4, (pH 7.4) containing 10 μg of
the appropriate luciferase reporter construct and 5 μg of a cytomegalovirus-β-galactosidase vector (pCMVβ) as a transfection efficiency control. A 0.5 ml sample (2.5 × 106 cells) suspended in PBS buffer was placed in a cuvette. Electroporation
was accomplished using a Bio-Rad Gene Pulser II at 950 μF and
250 V. The cells were then resuspended in RPMI 1640 medium
containing 10% fetal bovine serum and cultured for 12 h. PMA
(10 nM) was added to induce cell differentiation and the cells
were cultured for another 24 h. After incubation with the desired
inhibitors the cells were harvested and luciferase activity was
measured using the dual-luciferase reporter assay system
(Promega, USA) and Luminoskan Ascent (Thermo Labsystems,
Finland). Luciferase activity was normalized with β-galactosidase activity (Chung et al., 2004).

Results
Increased expression of the GM3 synthase gene in

Fig. 3. Expression of GM3 synthase mRNA in PMA-induced
K562 cells before and after treatment with PKC, ERK and PI3K inhibitors. In serum free medium, cells were pretreated with
Gö6976, U0126 and wortmannin for 1 h prior to treatment with
PMA for a further 24 h. Total RNA was isolated and GM3 synthase mRNA was detected by RT-PCR. Beta-actin was included
as an internal control.

PMA-induced K562 cells Previously we reported the
induction of GM3 synthase expression during K562 cells
differentiation (Choi et al., 2004) and this was confirmed
in the present work (Fig. 2A). The induction of GM3 synthase mRNA increased dramatically at 10 nM−50 nM
PMA, but higher concentrations from 100 to 1000 nM led
to reduced transcription. Therefore K562 cells were treated
with 10 nM PMA in subsequent experiments. RT-PCR and
Northern blotting showed that induction of GM3 synthase
was detectable 6 h after PMA treatment and increased up to
48 h (Figs. 2B−2C).
Effects of PKC, ERK and PI-3K inhibitors on induction
of GM3 synthase in PMA-induced K562 cells It is widely
reported that activation of PKC and ERK is associated with
the induction of differentiation by PMA (Marshall, 1995;
Pumiglia and Decker, 1997). To determine whether activation of PKC, ERK and PI-3K were associated with the
GM3 synthase expression, we sought to block PKC, ERK
and PI-3K activity using inhibitors. Cells were treated with
Gö6976 (5 μM), U0126 (5 μM) and wortmannin (200 nM)
for 24 h in the absence and presence of 10 nM PMA, and
total RNAs were isolated. RT-PCR analysis revealed that
the PKC and ERK inhibitors decreased GM3 synthase expression in response to PMA, but the PI-3K inhibitor did
not (Fig. 3). Wortmannin induced morphological changes
of the PMA-treated cells whereas Gö6976 and U0126 did
not (data not shown). Taken together these results suggest
that PMA-induced activation of PKC and its downstream
component, ERK, may be important for differentiation of
the K562 cells
PMA-treated K562 cells display decreased phosphoERK1/2 and phospho-CREB expression in response to
several inhibitors To further delineate the signal transduction cascades in the PMA-induced K562 cells, we examined the phosphorylation of various regulatory components using appropriate phosphospecific antibodies. Transcription factor CREB was previously shown to regulate
GM3 synthase expression during differentiation of K562
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Fig. 4. Effect of PMA treatment on ERK and CREB phosphorylation. PMA-induced K562 cells were exposed to Gö6976 (5
μM), U0126 (5 μM) and wortmannin (200 nM) for 24 h after
which proteins were separated by SDS-PAGE, transferred to
nitrocellulose and probed with antibodies against phosphoERK1/2 and phospho-CREB. Each lane was loaded with 20 μg
of protein. Blots were stripped and reprobed for ERK and CREB
to ensure equivalent loading and transfer of protein. Data were
normalized with ERK and CREB proteins. Results are representative of three separate experiments.

cells (Choi et al., 2004). K562 cells were pretreated with
Gö6976, U0126 and wortmannin for 1 h in serum-free medium, prior to treatment with PMA for a further 24 h and
Western blot analysis. As shown in Fig. 4, phosphorylation
of ERK 1/2, a downstream activator of PKC, and phosphorylation of CREB was significantly elevated in the
PMA-stimulated K562 cells. The PKC inhibitor Gö6976
and ERK inhibitor U0126 blocked the PMA-stimulated
phosphorylation of ERK 1/2 and CREB, respectively,
whereas the PI-3K inhibitor had no effect. These results
confirm that PMA-induced K562 cells activate the GM3
synthase gene via the PKC/ERKs-dependent CREB pathway but not the PI-3K pathway.
Increased transcriptional activity of the PMA-responsive CREB element in the –177 to –83 region of the
GM3 synthase promoter involves a PKC/ERK pathway We showed previously that a region from –177 to
–83 of the GM3 synthase promoter containing a CREB
binding site was required for transcription of GM3 synthase during PMA-induced differentiation of K562 cells.
Using 5′-deleted GM3 synthase promoter assays and
promoter mutants we ow nshowed that the CREB site was
crucial for PMA-induced expression of GM3 synthase,
and that the binding of CREB to the site was essential for
induction of GM3 synthase by PMA (Fig. 5A) (Choi et al.,
2004). To confirm that the CREB site plays an important
role in PMA-induced expression of GM3 synthase, we
used the GM3 synthase promoter region containing the

Fig. 5. Analysis of the −177 to −83 region of the GM3 synthase
promoter, and effects of inhibitors on promoter activity. A schematic representation of DNA constructs containing various alterations of the 5′-flanking region of GM3 synthase linked to the
luciferase reporter gene is presented. The restriction sites are
shown and the transcription start site is indicated as +1. pGL3Basic without any promoter and enhancer was used as negative
control, and pGL3-control with the SV40 promoter and enhancer
served as positive control (A). Gö6976, U0126 and wortmannin
were added to PMA-treated cells transiently transfected with
pGL3-177. Luciferase activities were determined as described in
Materials and Methods (B). Each construct was transfected into
K562 cells together with pCMVβ as an internal control. The
transfected cells were incubated in the presence (solid bar) and
absence (open bar) of 10 nM PMA for 24 h. Relative luciferase
activity was normalized with the β-galactosidase activity derived
from pCMVβ. Values are means ± S.D. of triplicate measurements in three independent experiments.

CREB site (pGL3-177). Transiently transfected cells were
pretreated with Gö6976, U0126 and wortmannin for 1 h
prior to treatment with PMA for a further 24 h. In the
PMA-treated cells, the PKC and ERK inhibitors caused a
roughly 40% reduction in promoter activity (Fig. 5B).
These results together indicate that the CREB site is crucial for the activity of the PKC/ERK pathway in PMAstimulated induction of GM3 synthase.

Discussion
The early signaling events initiated by PMA treatment of
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K562 cells involve the activation and translocation of
specific PKC subtypes (Hocevar et al., 1992). The role of
PKC and the MEK/ERK system in this differentiation
process has been established (Hong et al., 1996). PMA
has been previously shown to activate ERKs in other cell
systems by both ras-dependent and -independent pathways (Blenis, 1993; Buscher et al., 1995; VanRenterghem
et al., 1994). Recently, it was reported that RSK1 is a
good candidate for connecting the ERK/MAPK pathway
and the NF-κB pathway (Kim et al., 2001), and CREB is
the target of a variety of signaling pathways mediating
cell responses to extracellular stimuli (De Cesare et al.,
1999; Shaywitz and Greenberg, 1999). The capacity of
CREB to activate transcription is regulated by phosphorylation at serine 133 (De Cesare et al., 1999; Shaywitz and
Greenberg, 1999) and activation of PKC by PMA in human fibroblasts stimulates CREB phosphorylation and
subsequent CREB-mediated gene transcription (Manier et
al., 2001). CREB phosphorylation via MAP kinase-dependent signal transduction pathways may also be mediated by PKC in oligodendrocytes (McNulty et al., 2001;
Pende et al., 1997; Sato-Bigbee et al., 1999).
Our present results show that PKC, activated by PMA,
induces the expression of the GM3 synthase gene at the
transcriptional level, so leading to an increase in the content of GM3 ganglioside during the differentiation of
K562 cells. In addition we showed by RT-PCR and Northern blotting that GM3 synthase expression, ERK phosphorylation and CREB phosphorylation are induced by
PM, and that PKC and ERK inhibitors blocked GM3 synthase expression as well as activation of the ERKs and
CREB. On the other hand, the PI-3K inhibitor did not
decrease the expression of GM3 synthase. Therefore, our
data suggest that the expression of GM3 synthase is dependent on PKC/ERK and CREB-dependent signaling.
Recently, Kim et al. (2002) reported that the region between −177 to −83 of the GM3 synthase promoter is
needed for the enhancer activity of the promoter in SK-NMC and HepG2 cells. This sequence is in the region that
functions as the core promoter essential for transcriptional
activation of GM3 synthase in PMA-induced K562 cells.
According to a recent report only the consensus CREB
binding site (TGACGTCA) at position −143 to −136 contributes to the GM3 synthase promoter activity (Zeng et al.,
2003). Our site-directed mutagenesis data confirm that the
CREB element mediates PMA-dependent up-regulation of
GM3 synthase (Fig. 5A). We also showed that the PMAinduced transcriptional activity of the pGL3-177-containing CREB binding site depends on the PKC/ERKs signal
pathway (Fig 5B).
In conclusion, PMA activates the PKC/ERK signal
transduction pathway during the differentiation of K562
cells. This leads to phosphorylation of CREB which induces GM3 synthase, and leads to production of ganglioside GM3.
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